Introduction
Since the pioneering work of Bernard Katz and colleagues (Fatt and Katz, 1952) , the unitary synaptic potential produced by the release of a single vesicle, i.e., the quantal size, has generally been considered to be invariant. Recent work in secretory cells as well as in neurons has, however, demonstrated that the quantal size can vary with experimental manipulations. Adrenal chromaffin cells vary quantal size by changing vesicular catecholamine content following alterations in stimulation frequency and second messenger systems (Elhamdani et al., 2001) . Furthermore, alterations in the activity of the vesicular monoamine transporter or the vacuolar proton pump were shown to be associated with quantal size changes and concomitant alterations in the volume of secretory vesicles (Gong et al., 2003; Pothos et al., 2002) . Similar results have been obtained in dopaminergic neurons (Pothos, 2002; Pothos et al., 2000) and serotonergic neurons (Bruns et al., 2000) . These data challenged the universality of the quantal hypothesis of transmitter release and raised questions as to whether similar mechanisms could contribute to activity-dependent plasticity of fast synapses (Burgoyne and Barclay, 2002) .
A number of manipulations have been shown to modify quantal size at vertebrate neuromuscular junctions (NMJs), including treatment with catecholamines, insulin, ACTH, and cAMP derivatives (van der Kloot and van der Kloot, 1986) or alterations in the expression level or function of vesicular acetylcholine transporters (VAChT) (Lupa, 1988; Searl et al., 1990; Song et al., 1997) . Similar effects of an altered expression of vesicular glutamate transporter (VGLUT) were recently observed at hippocampal synapses (Wilson et al., 2005; Wojcik et al., 2004) and at glutamatergic synapses of Drosophila NMJs (Daniels et al., 2004) . Furthermore, genetic manipulations of the clathrin adaptor protein LAP (Like-AP180) (Zhang et al., 1998) and mutations in the gene encoding synaptojanin (Dickman et al., 2005) , a polyphosphoinositide phosphatase that is thought to release the clathrin adaptor complex during uncoating, resulted in larger vesicular volumes and greater quantal sizes. These data demonstrated that quantal size can be experimentally modified at fast synapses .
Several lines of evidence have suggested that changes in quantal size can occur in response to altered neuronal activities. GABAergic interneurons upregulate the expression of the GABA-synthesizing enzyme glutamate decarboxylase (GAD65/67) under conditions of increased network activity (Esclapez and Houser, 1999; Feldblum et al., 1990) . Conversely, prolonged periods of reduced activity result in a downregulation of GAD and GABA in the somatosensory cortex (Garraghty et al., 1991; Gierdalski et al., 1999) and in reduced expression of the vesicular inhibitory amino acid transporter VGAT in cultured hippocampal neurons (Hartman et al., 2006) . In such hippocampal cultures, chronic hyperactivity or hypoactivity lead to a reciprocal down-or upregulation of the expression of VGLUT1, respectively, and hence lead to accordingly smaller or larger excitatory quantal sizes (Wilson et al., 2005) . Together with previous observations from cholinergic NMJs (Lupa, 1988; Searl et al., 1990; Van der Kloot and Van der Kloot, 1985) , these data indicate that chronic increases in synaptic firing activities can result in quantal size changes to enhance synaptic transmission (Van der Kloot and Van der Kloot, 1985) or to homeostatically maintain a stable degree of network activity (Hartman et al., 2006; Turrigiano and Nelson, 2004; Wilson et al., 2005) . However, it is currently not known whether such presynaptic mechanisms of changing the efficacy of synaptic transmission are used under physiological conditions in vivo as potential additional mechanism of synaptic plasticity.
In this study we used NMJs of Drosophila larvae to assess whether differences in natural larval crawling activities can affect the strength of transmission at glutamatergic synapses. Our analysis revealed that high natural crawling activities of wild-type Drosophila larvae result *Correspondence: christoph.schuster@urz.uni-heidelberg.de after an initial lag phase in potentiated synaptic transmission, which is transiently mediated by a PKA-dependent release of large vesicles from the reserve pool (RP) (phase I potentiation). We further show that large RP vesicles are absent in lag phase and that the replenishment of RP vesicles is enhanced in phase I, suggesting that the large vesicles in the RP are newly formed and released during phase I potentiation. These results demonstrate that natural behavior can alter the transmitter content of presynaptic vesicles in an experience-dependent manner.
Results

Continuous Larval Crawling Potentiates Synaptic Transmission at NMJs
We have developed a monitoring system of larval behavior to continuously quantify crawling activities of individual larvae on a food-free surface. Upon transfer from standard Drosophila food vials onto a moist and foodfree crawling arena, the majority of isogenic wild-type third-instar larvae (Canton S) exhibited persistently high crawling activities (i.e., few and short resting phases; >25 cm/5 min; filled squares in Figure 1A ), some larvae exhibited low crawling activities with frequent and long resting phases (<15 cm/5 min; white squares in Figure 1A) , and others' behavior was highly variable (data not shown). We found similar behavioral differences in other inbred Drosophila strains (Oregon R, w
1118
) as well as in heterozygous and transheterozygous genotypes used in this study, suggesting that the differences in the crawling profiles of size-and age-matched thirdinstar larvae are independent of their genotypes.
The different crawling profiles of individual larvae are likely to be associated with an altered average usage of NMJs, which potentially results in use-dependent changes at these NMJs. To systematically assess whether different crawling activities have an effect on synaptic transmission, we analyzed NMJs of size-and age-matched mid-third-instar larvae either directly after they have been taken out of the food slurry (25ºC; ''naive'' larvae) or after various times of exposure to the crawling arena (moist, food-free, 25ºC). Within the food slurry, mid-third-instar larvae exhibit on average very low crawling activities (4.4 6 1.5 cm/5 min, n = 4; Sigrist et al., 2003) . In contrast, larvae that have been transferred to the food-free crawling arena showed much higher crawling activities (''slow'' larvae: 12.0 6 3.1 cm/5 min, n = 18; ''fast'' larvae: 33.1 6 0.1 cm/5 min, n = 28, p < 0.05; larval size: 3.1 6 0.2 mm 2 and 3.2 6 0.3 mm 2 , respectively, n = 14 each). The time point of transfer of naive larvae onto the food-free crawling arena marks therefore the beginning of an intensified foraging behavior with individually variable, but on average higher, crawling activities than before.
Following the indicated times after start of crawling (x axis in Figures 1D and 1E) , we analyzed the efficacy of synaptic transmission of fast, slow, and naive larvae. Intracellular recordings of excitatory junctional potentials (EJPs) revealed no differences in miniature and evoked junctional potentials (mEJPs and eEJPs) between naive (leftmost data points in Figures 1D and  1E ) and fast (black symbols) or slow (white squares) wild-type larvae within the initial 35 min of surface crawling ( Figures 1B-1E ). Recording parameters such as the input resistances (R in ) and the resting membrane potentials (MP) were also similar among the analyzed cells (R in-naive : 4.1 6 1.2 MW, n = 16; MP: 270.3 6 1.2 mV, n = 40; R in-fast : 5.6 6 1.6 MW, n = 4; MP: 268.8 6 1.9 mV, n = 7; R in-slow : 6.2 6 2.6 MW, n = 3; MP: 275.6 6 3.6 mV, n = 4; means 6 SEM), demonstrating that naive, fast-crawling, and slow-crawling larvae have similar synaptic properties.
When larvae were analyzed at any time point later than 35 min of crawling, eEJP amplitudes were found to be increased in fast larvae compared to slow larvae or naive larvae taken directly out of the food slurry ( Figures 1D  and 1E ). Potentiated eEJPs and unaltered membrane parameters (R in-65min : 5.6 6 0.9 MU, n = 15; MP: 271.5 6 1.3 mV, n = 35; R in-120min : 6.0 6 1.0 MU, n = 14, MP: 69.1 6 1.5 mV, n = 14; mean 6 SEM) were recorded in all larvae that exhibited high crawling activities for more than 40 min, suggesting that extended periods of continuous crawling have robust effects on the strength of junctional signal transmission.
In addition to the crawling-induced potentiation of evoked synaptic transmission, we noticed that larvae analyzed between 40 to 80 min of fast crawling showed an increase in the mean mEJP amplitudes (Figures 1B and 1E) . This increase in the mEJP amplitude coincided with the onset of eEJP potentiation ( Figures 1C and 1D ) and was characterized by the appearance of additional and increasingly larger mEJPs over time (Figure 2A ). The mean mEJP amplitude reached a peak in larvae between 70 and 80 min of fast crawling ( Figure 1E ). In this time window, the estimated junctional quantal content was unaltered compared to naive controls (right bars in Figure 5B ), indicating that eEJP potentiation is likely to be mediated by the large mEJPs. However, at later time points (90-120 min) the large mEJPs abruptly disappeared, reestablishing the typical mean mEJP amplitudes ( Figures 1E and 2A ) while the mean amplitudes of eEJPs remained elevated. Potentiation in this time window was associated with a significant increase in the junctional quantal content compared to naive animals (QC 90min : 71.5 6 4.8; 137.5% 6 9.2% of controls; n = 7; p < 0.005), suggesting different underlying mechanisms in this phase than in larvae analyzed after a shorter time of behavioral stimulation.
These results suggest that experience-dependent potentiation of synaptic transmission at larval NMJs can be differentiated by the presence or absence of large mEJPs. We therefore divided the first 2 hr of experience-dependent synaptic potentiation into three distinct phases: (1) the initial lag phase (0-35 min) shows similar synaptic parameters among naive larvae and those with high and low crawling activities; (2) the subsequent phase I potentiation (40-80 min) is characterized by simultaneous occurrence of large eEJP and mEJP amplitudes; (3) the subsequent phase II potentiation (90-120 min) shows large eEJP amplitudes that are not associated with large mEJPs ( Figures 1B, 1E , and 2A).
It is remarkable how abrupt phase I potentiation undergoes a transition into phase II when examined in animals taken after either 80 min or 90 min of high crawling activities ( Figure 1E ). To exclude the possibility that this apparently rapid transition from phase I to phase II is an artifact of animal selection, we analyzed the time course of the disappearances of large mEJPs in dissected preparations. We dissected larvae after 65 min of fast crawling (time point 0 in Figures 1F and 1G ) and recorded mEJPs and eEJPs every 5 min for the next 40 min. In these preparations we observed a similarly rapid disappearance of large mEJPs ( Figure 1G ), while eEJP potentiation remained apparently unaltered ( Figure 1F ). It should be noted that the potentiated eEJPs of phase I and phase II are in an amplitude range (>50 mV) in which nonlinear summation of quantal events may effectively mask a further increase or slight decrease of the eEJP amplitudes. It is therefore possible that the absolute level of eEJP potentiation might be slightly different in phase I and phase II and that these potential differences are masked in our current-clamp recordings ( Figure 1D ). Nevertheless, our results clearly show that persistent larval crawling activities are sufficient to initiate and execute at least two different mechanisms that potentiate glutamatergic transmission at NMJs. They further suggest that the transition between phase I and phase II potentiation is a highly coordinated process to ensure maintained potentiation.
To assess whether crawling-induced potentiation is associated with a rapid outgrowth of new synaptic boutons, we performed a time-lapse study in which we imaged NMJs in vivo before and after 2 hr of fast crawling. No large-scale morphological differences at NMJs were detected ( Figure 2B ), demonstrating that, within 2 hr of fast crawling, experience-dependent potentiation is not due to the outgrowth of new boutons.
The Large mEJPs Observed in Phase I Are Not Due to Postsynaptic Alterations Alterations in mEJPs have been commonly interpreted as the result of changes in the postsynaptic responsiveness to released transmitter. We therefore first assessed whether postsynaptic alterations are involved in the transient generation of large mEJPs in phase I. Five ionotropic glutamate receptor subunits have so far been identified at Drosophila NMJs, of which DGluRIII (Marrus et al., 2004) , DGluRIID (Featherstone et al., 2005; Qin et al., 2005) , and DGluRIIE (Qin et al., 2005) are essential subunits for the assembly, stabilization, and synaptic localization of the other two subunits, DGluRIIA (Schuster et al., 1991) and DGluRIIB (Petersen et al., 1997) . These two principal glutamate receptor complexes, whose exact stoichiometry of subunits is currently not solved (Qin et al., 2005) , are thought to be responsible for the majority, if not all, of the postsynaptic signal transmission at larval NMJs (Marrus et al., 2004; Featherstone et al., 2005; Qin et al., 2005) . The increased mEJP amplitudes seen during phase I potentiation could therefore rely on changes of any of the two major postsynaptic receptor complexes. We therefore used knockout mutants of dglurIIA and dglurIIB as well as gain-of-function genotypes to assess whether either of the two major receptor complexes is responsible for the large mEJPs observed in phase I.
Consistent with previous results (DiAntonio et al., 1999; Petersen et al., 1997; Sigrist et al., 2002) , we found that the mean mEJP amplitudes of lag phase larvae were smaller in DGluRIIA-ko mutants and larger in DGluRIIBko larvae compared to wild-type controls or larvae mildly overexpressing either DGluRIIA or DGluRIIB in larval muscles (filled bars in Figure 3A ). However, all genotypes showed significant increases in mEJP amplitudes in phase I (white bars in Figure 3A ), indicating that the experience-dependent changes of mEJP amplitudes are insensitive to the subunit composition of postsynaptic glutamate receptors. In addition, whenever mEJP amplitudes were increased we found a corresponding increase in eEJP amplitudes (white bars in Figure 3B ), supporting the idea that the mEJP changes seen in phase I are involved in the potentiation of evoked responses in phase I.
To assess whether other postsynaptic changes could be responsible for the occurrence of large mEJPs in phase I, we applied defined amounts of glutamate iontophoretically onto lag phase and phase I NMJs. We found that iontophoretic application of glutamate evoked consistent and argiotoxin-sensitive postsynaptic depolarizations ( Figure 3C ) that were similar in lag phase (28.1 6 1.4 mV; n = 9) and phase I (25.2 6 2.6 mV; n = 9; black bars in Figure 3D ). However, the same cells showed significant differences in the mEJP amplitude (white bars in Figure 3D ; lag phase: 1.1 6 0.1 mV; phase I: 1.6 6 0.12 mV; n = 9 each; p < 0.01). Taken together, these results strongly suggest that postsynaptic alterations are not responsible for the large mEJPs seen in phase I.
Presynaptic Vesicles Are Larger in Phase I
Accumulating evidence from studies on larvae overexpressing VGLUT and mutants of genes encoding proteins involved in clathrin-mediated endocytosis (LAP180, synaptojanin) has suggested that glutamatergic vesicles can increase in size and are responsible for the occurrence of larger mEJPs (Daniels et al., 2004; Dickman et al., 2005; Karunanithi et al., 2002; Zhang et al., 1998) . To assess whether presynaptic vesicle sizes are altered during phase I potentiation, we performed an ultrastructural examination of type Ib boutons of lag phase and phase I NMJs. We blindly measured the outer diameters of 951 vesicles from 37 electron-dense profiles ( Figure 4A ) of lag phase NMJs (muscle 6/7, abdominal segment 2, two animals) and 1051 vesicles from 59 electron-dense profiles ( Figure 4B ) of phase I NMJs (two animals). The frequency histogram of measured outer vesicle diameters ( Figure 4C ) revealed that phase I synapses tend to harbor somewhat larger vesicles (white bars) than those of lag phase NMJs (black bars), resulting in a significantly larger mean diameter of phase I vesicles (44.4 6 0.21 nm) compared to those from lag phase synapses (41.2 6 0.16 nm; p < 0.001; Student's t test). This significant shift toward larger vesicle diameters in phase I is also apparent in a cumulative frequency plot of lag phase and phase I vesicle diameters (Figure 4D ; p < 0.00001; Kolmogorov-Smirnov [KS] test).
Intriguingly, the rather small increase in mean outer diameters of phase I vesicles translates into an approximate 48% increase of the mean inner vesicular volume (inner diameter = outer diameter 2 2 3 membrane thickness [9.2 6 0.1 nm; n = 76 measurements of membrane thickness]), which corresponds well to the mean quantal size increase observed in phase I (an approximate 60% increase; Figure 1E ). Similarly, during phase I potentiation we occasionally observed mEJP amplitudes of 8-10 mV that persisted in the presence of TTX and therefore did not represent junctional potentials evoked by spontaneous firing of action potentials. These unusually large mEJP amplitudes (up to about 9-fold of the mean mEJP amplitude in lag phase) could well represent release from the largest measured vesicles with diameters of 66-68 nm (about 9-fold inner vesicle volume). This strong correlation between the increases in vesicle size and mEJP amplitude suggests that the large mEJPs seen during phase I are, at least in part, due to the formation and release of large presynaptic vesicles.
The Large Phase I Vesicles Participate in Evoked Release
In larvae overexpressing VGLUT, large vesicles and large mEJPs were frequently observed. However, in these experiments the mean amplitude of eEJPs was at 0.47 mM [Ca 2+ ] e across both VGLUT-overexpressing larvae and controls (Daniels et al., 2004) . We found a similar phenomenon at phase I NMJs when [Ca 2+ ] e was 0.5 mM or lower ( Figures 5A and 5B ). In addition, the quantal content (QC) estimated by dividing the mean eEJP amplitude (corrected for nonlinear summation [Martin, 1955; Feeney et al., 1998 ]) by the median amplitude of mEJPs (to better account for the skewed data distribution) was significantly reduced in phase I compared to that in lag phase ( Figure 5B ; QC 0.5 lag phase: 19.5 6 1.8; phase I: 12.9 6 1.9; 66.2% 6 9.7% of lag phase, p < 0.05). This result is consistent with the idea that under these conditions (at and below 0.5 mM Ca 2+ ) the total number of vesicles released per action potential is reduced compared to controls (Daniels et al., 2004) .
At [Ca 2+ ] e greater than 0.5 mM (i.e., 0.75-1.5 mM), we found that mean eEJP amplitudes were proportionately increased with those of mEJPs in phase I ( Figure 5A ), resulting in similar QCs at 1.5 mM [Ca 2+ ] e in phase I and lag phase ( Figure 5B ; QC 1.5 phase I: 91.9% 6 6.5% of lag phase). This result suggested that under these conditions the number of vesicles released per action potential is similar in both phases. It appears, therefore, that the large eEJPs seen in phase I are, at least in part, due to the evoked release of the large mEJPs. The above QC estimates could not be confirmed by the alternative failure analysis because it requires [Ca 2+ ] e below 0.1 mM where eEJP potentiation was not observed in phase I ( Figure 5A ). Further support for the interpretation that the large vesicles participate in evoked release came from an experiment in which we suppressed the appearance of large mEJPs in phase I by blocking presynaptic PKA activity ( Figure 6E ; see below for explanations). These NMJs showed eEJP amplitudes in phase I that Feeney et al. [1998] and Martin [1955] -by the median amplitude of mEJPs) was significantly smaller in phase I (white bars) compared to lag phase (black bars) when recorded at 0.5 mM [Ca 2+ ] e (p < 0.05), but unaltered when recorded at 1.5 mM [Ca 2+ ] e (n = 6-9 each). Data denote means 6 SEM. (C) Cumulative frequency plot of mEJP amplitudes recorded in lag phase (filled circles; n = 9; 220 events each) or phase I (gray diamonds; n = 4; 220 events each) at 0 mM were indistinguishable from those of lag phase (94.9% 6 8.2%, n = 10), confirming that phase I potentiation is, at least in part, mediated by the release of large quanta.
We finally assessed whether the unusually large quantal sizes seen in phase I could also be due to synchronized multiquantal release (Ikeda and Koenig, 1988; Llano et al., 2000; Tong and Jahr, 1994) . At reduced temperatures the mEJP frequency was lower (22ºC: f = 3.3 6 0.3 events/s; 15ºC: f = 0.9 6 0.1 event/s; p < 0.01) so that a coincidental superposition of multiple quanta was unlikely. However, even at low temperatures we found similar differences in the mEJP amplitude (mean mEJP amplitudes of phase I relative to lag phase at 22ºC: 158.6% 6 7.6%, n = 4; at 15ºC: 148.9% 6 11.7%, n = 5). In addition, under these conditions the rising phases of large mEJPs did not separate into several quantal events, hence providing no strong indication that the large mEJPs are due to multiquantal release. We finally analyzed mEJP amplitude distributions of lag phase and phase I NMJs at [Ca 2+ ] e of 0 mM, 0.5 mM, and 1.5 mM to assess a potential role of Ca 2+ in the synchronization of multivesicular release. The obtained lag phase and phase I mEJP distributions were significantly different at [Ca 2+ ] e of 0 mM ( Figure 5C ; p < 0.00001; KS test). Data sets obtained at 0.5 mM and 1.5 mM [Ca2 + ] e were almost completely congruent with Figure 5C (data not shown). These results exclude a role of extracellular Ca 2+ in the appearance of large mEJPs. However, they can not exclude an involvement of intracellular Ca 2+ stores in synchronizing multiquantal release (Llano et al., 2000) . Nevertheless, since almost all changes in mEJP amplitudes observed in phase I can be explained by the observed volume increase of single vesicles, an additional involvement of multiquantal release in phase I is unlikely.
The Large mEJPs in Phase I Result from the Recruitment of Vesicles from the Reserve Pool
In the presynaptic terminal, two functionally distinct vesicle pools are demonstrated: the readily releasable pool (RRP) or exo/endo cycling pool (ECP), and the reserve pool (Kuromi and Kidokoro, 1998; Pieribone et al., 1995) . Importantly, actin filaments form both a barrier and a substrate for the separation and mobilization of RP vesicles, respectively (Neco et al., 2003; Verstreken et al., 2005) . In addition, they are recruited in a highly controlled manner, requiring high-frequency stimulation (HFS) and activation of the cAMP-dependent protein kinase A (PKA) pathway (Kuromi and Kidokoro, 2000) . Since such a controlled recruitment of RP vesicles could well explain the abrupt disappearance of large mEJPs at the end of phase I ( Figures 1E-1G ), we hypothesized that the large vesicles seen in phase I are derived from the RP.
To test this idea, we first assessed whether actin microfilaments are involved at Drosophila NMJs in a physical separation of large RP vesicles from RRP/ECP vesicles. It has been shown that toxins that affect F-actin organization, such as Cytochalasin D, Latrunculin, or taipoxin, can change vesicle secretion by redistribution of vesicles among secretory vesicle pools (Neco et al., 2003) . In accord with these reports, active recruitment of vesicles from the RP was found to decline after Cytochalasin D treatment at Drosophila NMJs (Kuromi and Kidokoro 1998; Delgado et al., 2000) . To test whether Neuronlarge vesicles can be released from the RP, we applied Latrunculin B (LatB) on lag phase and phase II NMJs. Phase II was chosen instead of phase I because it shows normal mEJP amplitudes ( Figure 1E ) and hence should allow the detection of large mEJPs that might occur after the treatment. As shown in Figure 6A , a short treatment of larval preparations with LatB (1.5 mM) rapidly disrupted the presynaptic F-actin organization as indicated by the disappearance of the dynamic and discrete cortical actin-GFP fluorescence shortly after drug application. LatB treatment of lag phase NMJs, however, did not result in changes in mEJP amplitude compared to untreated preparations ( Figure 6B ). In contrast, when the same experiment was repeated with larvae early in phase II (95 min of high crawling activity), we observed an increase in mEJP amplitudes within 10 min of LatB application ( Figure 6C ). These results show that phase II synapses harbor large quanta similar to those typically released in phase I. However, in phase II these large quanta are prevented from release by an F-actin-dependent and LatB-sensitive mechanism. Since LatB was similarly effective at lag phase NMJs ( Figure 6A ) but did not result in the appearance of large mEJPs, it seems that lag phase synapses do not yet harbor large quanta. It therefore emerges that the large vesicles are specifically formed and released in phase I and that their release is governed by an F-actin-dependent mechanism.
High-frequency stimulation protocols have been used in this system to recruit RP vesicles for release (Kuromi and Kidokoro, 2000; Delgado et al., 2000; Verstreken et al., 2005) . Consistent with these reports, we found that repeated trains of nerve stimulation at 30 Hz (2 min for each train; symbolized above Figures 6D-6I ) resulted in a transient increase of the frequency of spontaneous EJPs during the period between tetani (filled squares in Figure 6G ) and no change in the mean amplitude (filled squares in Figure 6D ). During phase I potentiation, where the amplitude and frequency of mEJPs were already increased compared to lag phase values before HFS (first data points in Figures 6D and 6E , and 6G and 6H), we did not observe further increase in amplitude or in frequency of spontaneous EJPs between tetani ( Figures 6E and  6H) . Importantly, during early phase II, where amplitudes and frequencies of mEJPs return to basal values, HFS induced a strong and transient increase in amplitude and a concurrent augmentation in frequency of spontaneous EJPs between tetani ( Figures 6F and 6I ), suggesting that larger RP vesicles were recruited by HFS.
Vesicles in the RP are recruited for release by a cAMP/ PKA-dependent pathway (Kuromi and Kidokoro, 2000) . To test an involvement of this pathway in the appearance of large mEJPs in phase I, we modulated the presynaptic PKA activity by expressing either a mutant isoform of the PKA-regulatory subunit which blocks endogenous PKA activity (PKA inh ) or a constitutive active catalytic PKA isoform (PKA act ) (Orellana and McKnight, 1992) . Intriguingly, larvae expressing the PKA inh transgene in motoneurons did not exhibit large mEJPs, even after prolonged periods (65 min) of high crawling activities (lag phase: 0.94 6 0.07 mV, n = 9; phase I: 1.05 6 0.09 mV, n = 9). Conversely, targeted expression of PKA act in presynaptic motoneurons mimicked phase I potentiation already in lag phase larvae (lag phase: 1.40 6 0.04 mV; n = 7, p < 0.001 compared to wild-type lag phase) and showed no further amplitude increase in phase I (1.40 6 0.05 mV; n = 7). Given that neither the heterozygous transgenes nor the Gal4-driver line had an effect on lag phase or phase I transmission (data not shown), these results suggest that presynaptic PKA activity is necessary and sufficient for the formation and appearance of large mEJPs in phase I. Thus, phase I potentiation appears to rely on a PKA-dependent formation and recruitment of large RP vesicles. In addition, all HFS-induced synaptic changes were not observed in animals expressing the PKA inh transgene in motoneurons (open squares in Figure 6 ).
Taken together, our results suggest that HFS can recruit RP vesicles for release, as indicated by the increased frequency of spontaneous EJPs (Figures 6G and 6I) and by the appearance of large mEJPs in early phase II (Figure 6F ), where an F-actin-dependent mechanism prevents release of the large RP quanta. Both HFS-induced phenomena require presynaptic PKA activity ( Figures 6D-6I ), and neither of them can be further increased in phase I ( Figures 6E and 6H) , indicating that the recruitment of large RP vesicles is already maximal in phase I. Finally, the failure to elicit release of large mEJPs in lag phase by either HFS ( Figure 6D ) or LatB treatment ( Figure 6B ) strongly suggests that the large vesicles are newly generated for release in phase I via a PKA-dependent mechanism and are not present at lag phase synapses.
Enhanced Replenishment of RP Vesicles in Phase I
It was recently shown that the replenishment of the ECP/ RRP and RP are distinct processes that are regulated by different sources of Ca 2+ (Kuromi and Kidokoro, 2002 ). In addition, genetic manipulations of LAP and synaptojanin, genes involved in clathrin-mediated endocytosis, have been shown to result in larger vesicular volumes and greater quantal sizes (Dickman et al., 2005; Zhang et al., 1998) . Together, these observations suggest that the formation of large RP vesicles might involve changes in the endocytic machinery and/or the routing of presynaptic vesicles. We therefore directly visualized endocytosed presynaptic vesicles with a fluorescent styryl dye, FM1-43, using the labeling and imaging protocol ( Figure 7A ) that has been previously used to characterize the ECP and the RP at Drosophila NMJs (Kuromi and Kidokoro, 1998) . Consistent with previous data, we found that the presynaptic FM1-43 fluorescence that was loaded by high-K + treatment (small arrow in Figure 7B ) was almost completely destained by the second stimulation with high-K + solution (left ''destained'' panels in Figure 7B ). This high-K + -destainable fluorescence corresponds to the ECP/RRP (Delgado et al., 2000; Kuromi and Kidokoro, 1998) , while the remaining fluorescence, which is resistant to destaining by high-K + treatment (thick arrow in Figure 7B ), has been termed as the RP (Kuromi and Kidokoro, 1998) .
After following this protocol, we found no obvious differences in the labeling and destaining efficiencies of boutons in lag phase and phase I (left two bars in Figure 7C ; expressed as a ratio of bouton fluorescence after destaining [F destained ] divided by that before destaining [F stained ]). This result suggested that the efficiency of endocytosis and high-K + -triggered release of newly endocytosed vesicles is similar in both phases.
However, it revealed no information about the route of vesicular trafficking before release. Treatments that prevent the recruitment and release of vesicles from the RP, such as a functional blockade of presynaptic PKA (Figure 6E ; Kuromi and Kidokoro, 2000) , should result in an accumulation of RP vesicles and should therefore allow us to resolve potential changes in the routing of newly endocytosed vesicles to the RP. A blockade of PKA activity, formed either by acute application of a specific PKA-inhibitor, H89, or by expression of PKA inh in motoneurons, had no effect on the destaining profile of lag phase boutons (black bars in Figures 7C and 7D) . These results suggest that altered PKA activity does not affect the replenishment of the RP and confirm that high-K + -stimulation is very inefficient in inducing RP replenishment and recruitment in lag phase (Kuromi and Kidokoro, 1998) . In contrast, a PKA blockade of phase I NMJs resulted in a significant increase in the destaining-resistant fluorescence of boutons compared to lag phase NMJs ( Figures 7C and 7D) , suggesting that the number and/or the size of vesicles that are routed to the RP is increased in phase I. Since PKA blockade prevented the appearance of large mEJPs in phase I ( Figure 6E ), it seems that some of the enhanced destaining-resistant fluorescence reflects the large vesicles, which give rise to large mEJP amplitudes in phase I ( Figure 1E ). From these data we conclude that newly endocytosed vesicles or endocytic structures are routed more efficiently to the RP in phase I than in lag phase. In addition, the fact that the enhanced RP replenishment could only be observed if vesicle recruitment from the RP is prevented (Figures 7C and 7D) suggests that the recruitment of RP vesicles is also enhanced in phase I.
Discussion
Increasing evidence from several synaptic systems has suggested that the transmitter content of presynaptic vesicles can vary depending on experimental conditions (Daniels et al., 2004; Feldblum et al., 1990; Garraghty et al., 1991; Hartman et al., 2006; Lupa, 1988; van der Kloot and van der Kloot, 1986; Wilson et al., 2005; Zhang et al., 1998) . However, it was unclear whether these mechanisms are also involved in synaptic plasticity in vivo. The present study provides evidence that natural behavior can elicit plastic changes at individual synapses that are mediated by increases in the volume and transmitter content of presynaptic vesicles.
Experience-Dependent Formation of Large Presynaptic Vesicles
How could the experience-dependent increase in presynaptic vesicle size be achieved? A potential answer might emerge from reports that showed in several systems that genetic or pharmacological manipulations of vesicular transporter molecules for transmitters resulted in altered quantal sizes (Hartman et al., 2006; Lupa, 1988; Searl et al., 1990; Song et al., 1997; Pothos et al., 2000; Wilson et al., 2005; Wojcik et al., 2004) and in changed vesicular volumes (Daniels et al., 2004; Pothos et al., 2002) . In addition, increased vesicular volumes and quantal sizes were found in mutants of the Drosophila clathrin adaptor protein LAP (Zhang et al., 1998) . Similarly, mutants in synaptojanin and endophilin, both of which play roles in clathrin-mediated endocytosis (Verstreken et al., 2003) , also displayed increased quantal sizes and, for synaptojanin, larger vesicles (Dickman et al., 2005) . Together, these data indicate that the vesicular volume can be modified by manipulating processes involved in the generation of mature vesicles. Intriguingly, using the styryl dye FM1-43 to label newly endocytosed vesicles, we found that the replenishment of RP is strongly enhanced during phase I potentiation (Figure 7) , providing a potentially important prerequisite for the formation of large vesicles in phase I. Although it is not known whether any of the abovementioned molecules participate in the experience-dependent formation of large vesicles described in this study, it emerges that clathrin-mediated endocytosis, as well as the transmitter filling machinery, may play crucial roles in this process.
The Large Phase I Vesicles Are Transiently Associated with the Reserve Pool We have shown that the experience-dependent appearance of large mEJPs is temporally restricted to phase I (Figure 1 ). Shortly after this period, the large mEJPs disappear abruptly during the transition to phase . We propose that the abrupt disappearance of large mEJPs relies on the machinery used to control the recruitment of vesicles from the RP. This hypothesis is based on the following lines of evidence. First, the appearance of larger mEJPs was evoked by HFS in phase II, but not in lag phase (Figure 6 ). HFS was, however, in both phases associated with an increase in mEJP frequencies. Both mEJP amplitude and frequency were already increased in phase I and were not further enhanced by HFS. All HFS effects were absent in animals with blocked presynaptic PKA activity. These results are consistent with recent data demonstrating that the recruitment of RP vesicles can be elicited by HFS and is dependent on a cAMP/PKA pathway (Delgado et al., 2000; Kuromi et al., 2004; Kidokoro, 2000, 2002) . The results further suggest that large mEJPs are recruitable in phase I and phase II, but not in lag phase. Second, presynaptic PKA activity is necessary and sufficient for the appearance of large mEJPs in phase I, underlining the importance of PKA for the recruitment and formation of large RP vesicles. Third, disorganization of the presynaptic F-actin cytoskeleton resulted within minutes in the appearance of large mEJPs in phase II, suggesting that F-actin is responsible for the physical separation of large vesicles from normal ones. RP vesicles are thought to be separated from RRP/ ECP vesicles by an F-actin-dependent mechanism (Kuromi and Kidokoro, 1998). However, LatB treatment of lag phase NMJs did not result in the appearance of larger mEJPs, suggesting again that lag phase NMJs likely do not harbor large vesicles. Fourth, FM1-43 imaging revealed that the PKA-dependent recruitment of vesicles from the RP is increased in phase I in parallel with the replenishment of the RP, suggesting that the routing of vesicles into the RP is enhanced in an experience-dependent manner. Taken together, these results provide evidence that extended periods of natural foraging behavior induce the transient formation of large vesicles, their routing into the RP, and their subsequent recruitment and release in phase I.
Release of Large Vesicles during Phase I Animals overexpressing VGLUT exhibit large vesicles and large mEJPs; however, at [Ca 2+ ] e of 0.5 mM or below, large eEJPs were not observed (Daniels et al., 2004) . This was interpreted as a homeostatic reduction in the number of vesicles released per action potential. At [Ca 2+ ] e of 0.5 mM or below, we obtained similar phenotypes in phase I as in VGLUT-overexpressing animals. In contrast, recordings of phase I NMJs at 1.5 mM [Ca 2+ ] e revealed that the eEJP amplitudes were proportionately increased with mEJP amplitudes. These results indicate that the efficiency of release of large vesicles is increased at higher Ca 2+ concentrations. A potential explanation for these observations could reside in a recently proposed two-pool model of vesicle release, which allows for heterogeneity in the release probability among vesicles (Trommershauser et al., 2003) . This model proposes, in addition to the RP and a RRP, a reluctantly releasable pool of vesicles that differ in their probabilities of release. Both pools increase their release probability during repetitive stimulation according to the buildup of intracellular Ca 2+ concentration in the terminal; this could therefore explain why the large vesicles (potential ''reluctantly releasable'' vesicles) may only be released in phase I at physiological [Ca 2+ ] e . However, further experiments will be needed to elucidate the exact mechanisms underlying the Ca 2+ dependency of phase I potentiation.
Taken together, our results from glutamatergic NMJs of Drosophila show that the transmitter content of presynaptic vesicles can be regulated by natural behavior to enhance the efficacy of synaptic transmission in an experience-dependent manner. These findings extend several previous observations from mammalian neuronal circuits, which suggested that changes in the transmitter content of presynaptic vesicles might be involved in the homeostatic control of network activity (Wilson et al., 2005; Feldblum et al., 1990; Esclapez and Houser, 1999; Garraghty et al., 1991; Gierdalski et al., 1999) . Furthermore, a role of transmitter metabolism in synaptic changes has also been indicated by several studies, in which transmitter concentrations were pharmacologically increased to treat models of epilepsy (Engel et al., 2000; Gram et al., 1988; Loscher et al., 1989) and Parkinson's disease (Johnston and Brotchie, 2006) , as well as psychiatric diseases (Frazer et al., 1999) . In light of these implications, the Drosophila NMJ offers a unique possibility to combine behavioral, genetic, structural, and electrophysiological approaches in order to examine this mechanism of experience-dependent synaptic plasticity from the cellular to the systems level.
Experimental Procedures
Larval Crawling Activities Crawling activities (food digging) of mid-third-instar larvae on a moist food-free surface (25ºC) were monitored by imaging the larvae in a crawling arena every 20 s and computing the crawling distance between two consecutive images. The crawling distance over 5 min was plotted online, giving a continuously updated profile of larval crawling activities. The number of pixels covered by an animal reflects its size.
Electrophysiology
Intracellular recordings of muscle 6 (segments A2/A3) were performed in the current-clamp mode (AxoClamp 2B) as described (Sigrist et al., 2003) in hemolymph-like (HL3) solution containing 1.5 mM Ca 2+ (Stewart et al., 1994) . Recording electrodes (10-20 MU) were filled with 3 M KCl. Data were recorded from muscles with resting potentials more negative than 265 mV. mEJP recordings were initially performed in the presence of 10 mM TTX. Since we did not detect a difference in mean amplitudes of mEJP in the presence or absence of TTX, we routinely recorded in HL3 solution without TTX. eEJPs were low-pass filtered at 1 kHz and digitized; mEJP data were further low-pass filtered at 0.5 kHz. Data were collected from 100 eEJPs and 125 s of mEJP recordings per animal using pClamp 9.2 software. Analysis of EJPs was performed using MiniAnalysis software 6.0.3 (Synaptosoft). Quantal content was calculated by the ratio of eEJP/mEJP (median) amplitudes after correcting eEJPs for nonlinear summation (Martin, 1955) .
Glutamate iontophoresis was performed using a 15-25 MU microelectrode filled with 2 M glutamate (Na + salt, pH 7.1). The tip of the electrode was placed on top of a visually identified type Ib bouton. The electrode position was optimized for each bouton by mapping the position yielding maximal depolarizations to defined amounts of iontophoresed glutamate (10 ms pulses of 2150 nA at 0.3 Hz). At this position, stimulus duration was increased until saturation of the response (typically 20 ms). Further stimulus elongation resulted in a second delayed depolarization. We then recorded eEJPs that were evoked by glu iontophoresis (e i EJPs) at the maximal stimulus duration and half-maximal stimulus duration (typically 10 ms).
FM1-43 Imaging
Loading vesicles with 10 mM FM1-43, imaging and destaining were performed as described (Kuromi and Kidokoro, 1998 ). The first image was taken after 5 min of washing (''stained''). Following a second high-K + stimulation, a second image was taken with the same camera settings (''destained'') . To quantitatively analyze the change of FM1-43 fluorescence, we first subtracted the background noise in the second image from both images. Three to five boutons of up to six branches per NMJs (muscle 6/7, abdominal segments 2-4) in the first image were marked, and the mean fluorescence of each selected bouton (F stained ) was measured. We then transferred these regions of interest to the second image and measured again (F destained ). From these data the F destained /F stained ratios were calculated.
Genetics CD8-GFP-Sh is a membrane bound GFP transgene that specifically localizes to all larval NMJs. Mhc-Gal4 expresses Gal4 in all somatic muscle cells, and OK6-Gal4 in all larval motoneurons. DGluR-related genetic elements have been previously described (DiAntonio et al., 1999; Petersen et al., 1997 . DGluRIIB overexpression: MhcGal4/ P(UAS-gdglurIIB; w + ). UAS-PKA inh encodes a mutated regulatory PKA subunit inhibiting PKA activation. UAS-PKA act contains a mutated mouse catalytic subunit gene (H87Q and W196R; both provided by D. Kalderon) that results in constitutively active kinase activity (Orellana and McKnight, 1992) . UAS-Actin-GFP was used to visualize actin in vivo.
Electron Microscopy
Larvae were filleted and processed for ultrastructural analysis as described previously (70 min fixation in ice-cold 4% paraformaldehyde and PBS) (Schneider et al., 2000) . Serial ultrathin sections of type Ib boutons (large boutons, extensive subsynaptic reticulum, presynaptic mitochondria) of muscle 6/7, segments A2/A3 were taken from each of two NMJs of two lag phase and two phase I animals. Boutons were photographed at 40,000-fold enlargement and scanned; images were then encoded and calibrated. The measured membrane thickness was 9.2 6 0.1 nm (n = 76 measurements). We then measured the outer diameters of all vesicles (round vesicles with gray filling) within a distance of 300 nm from electron-dense areas. The measurements were then decoded and sorted according to experimental conditions. Data are means 6 SEM.
Statistics
Data are expressed as mean 6 SEM (n), where n indicates the number of larvae examined. Statistical analyses were carried out using ANOVA where applicable and a two-tailed Student's t test for unpaired or paired data if not otherwise stated. Cumulative frequency distributions were compared using the Kolmogorov-Smirnov test. p < 0.05 was considered significant.
